Neuroligin 1 is dynamically exchanged at postsynaptic sites by Schapitz, I.U. et al.
Cellular/Molecular
Neuroligin 1 Is Dynamically Exchanged at Postsynaptic Sites
Inga U. Schapitz,1* Bardo Behrend,1* Yvonne Pechmann,1 Corinna Lappe-Siefke,1 Silas J. Kneussel,1 Karen E. Wallace,3
A. Vanessa Stempel,5 Fritz Buck,2 Seth G. N. Grant,4Michaela Schweizer,1Dietmar Schmitz,5 Ju¨rgen R. Schwarz,1
Erika L. F. Holzbaur,3 andMatthias Kneussel1
1Center for Molecular Neurobiology (ZMNH), University of Hamburg Medical School, D-20251 Hamburg, Germany, 2Institute of Clinical Chemistry,
University of Hamburg Medical School, D-20246 Hamburg, Germany, 3Department of Physiology, University of Pennsylvania, School of Medicine,
Philadelphia, Pennsylvania 19104, 4Wellcome Trust Sanger Institute, Hinxton CB10 1SA, United Kingdom, and 5Neuroscience Research Center of the
Charite´, Universita¨tsmedizin Berlin, D-10117 Berlin, Germany
Neuroligins are postsynaptic cell adhesion molecules that associate with presynaptic neurexins. Both factors form a transsynaptic
connection, mediate signaling across the synapse, specify synaptic functions, and play a role in synapse formation. Neuroligin dysfunc-
tion impairs synaptic transmission, disrupts neuronal networks, and is thought to participate in cognitive diseases.
Here we report that chemical treatment designed to induce long-term potentiation or long-term depression (LTD) induces
neuroligin 1/3 turnover, leading to either increased or decreased surface membrane protein levels, respectively. Despite its
structural role at a crucial transsynaptic position, GFP-neuroligin 1 leaves synapses in hippocampal neurons over time with
chemical LTD-induced neuroligin internalization depending on an intact microtubule cytoskeleton. Accordingly, neuroligin 1 and
its binding partner postsynaptic density protein-95 (PSD-95) associate with components of the dynein motor complex and un-
dergo retrograde cotransport with a dynein subunit.
Transgenic depletion of dynein function in mice causes postsynaptic NLG1/3 and PSD-95 enrichment. In parallel, PSD lengths and
spine head sizes are significantly increased, a phenotype similar to that observed upon transgenic overexpression of NLG1 (Dahlhaus et
al., 2010). Moreover, application of a competitive PSD-95 peptide and neuroligin 1 C-terminal mutagenesis each specifically alter neu-
roligin 1 surface membrane expression and interfere with its internalization. Our data suggest the concept that synaptic plasticity
regulates neuroligin turnover through active cytoskeleton transport.
Introduction
Neuroligins (NLGs) represent key postsynaptic proteins with a
role in synapse instruction, maturation, and retrograde signaling
(Su¨dhof, 2008). They constitute a family of cell adhesion pro-
teins that transsynaptically interact with presynaptic neurexins
(NRXs) (Ichtchenko et al., 1995). The intracellular C-terminal
PDZ binding domain of NLGs binds to several PDZ domain-
containing scaffold proteins, which in turn couple to different
ion channels, receptors, and molecules involved in signal trans-
duction (Irie et al., 1997; Meyer et al., 2004). The transsynaptic
NLG/NRX link is thought to be of key importance for synapto-
genesis as well as the synaptic integrity at NLG/NRX-positive
contacts (Scheiffele et al., 2000; Dean et al., 2003; Chih et al.,
2005). Non-neuronal expression of NLGs induces formation of
presynaptic specializations in contacting axons (Scheiffele et al.,
2000; Dean et al., 2003; Chih et al., 2005). Furthermore, NLGs are
thought to play a functional synaptic role by recruiting postsyn-
aptic scaffolding proteins, receptors, and signaling molecules to
nascent synapses (Su¨dhof, 2008) and by modulating presynaptic
release probability through retrograde signaling (Futai et al.,
2007). Transient RNAi knockdown of NLG gene expression
causes a reduction in synapse density (Chih et al., 2005), whereas
neuroligin deficiency in NLG1/NLG2/NLG3 triple-knock-out
mice impairs synaptic transmission but does not alter the density
of synaptic contacts (Varoqueaux et al., 2006).
Postsynaptic density-95 (PSD-95) rapidly redistributes at excita-
tory spine synapses in vivo (Gray et al., 2006), is involved in synapse
maturation, and directly binds to theNLGC-terminal PDZbinding
motif (Irie et al., 1997). As a member of the MAGUK (membrane-
associated guanylate kinase) family of postsynaptic density proteins,
PSD-95 displays sequence homology to PSD-93, SAP97, and
SAP102 (Fujita andKurachi, 2000). In addition to interactions at the
synapse, PSD-95 binds to the intracellular kinesin family protein
KIF1B (Mok et al., 2002), an anterograde molecular motor that
mediates cargo transport alongmicrotubule tracks.
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Long-distance transport (Caviston and Holzbaur, 2006) as
well as endocytic/recycling processes between submembrane ves-
icle pools and the neuronal plasmamembrane (Ehlers, 2000) uses
actin- and microtubule-based motor protein complexes. Inter-
estingly, microtubules have been recently found to enter den-
dritic spines in an activity-dependent manner (Hu et al., 2008;
Jaworski et al., 2009). With respect to microtubule-based
transport to, from, and between subcellular compartments,
kinesin-family (KIF) proteins organize transport in anterograde
directions (Hirokawa and Takemura, 2005), whereas cytoplas-
mic dynein represents the major motor for transport of molecu-
lar cargo in the retrograde direction (Vallee et al., 2004). Dynein
is known to mediate processes such as retrograde transport of
synaptic glycine receptors (GlyRs) (Maas et al., 2006) and neuro-
trophin receptors (Trks) (Heerssen et al., 2004), and participates
in endocytosis pathways downstream of the sorting endosome
(Traer et al., 2007).
Here, we asked whether NLGs that critically participate in a
transsynaptic complex, which in turn tightly associates with
presynaptic and postsynaptic membrane scaffolds, would at
all undergo membrane turnover, independent of retracting
the entire spine and/or synaptic contact. Furthermore, we
aimed to understand whether dynamic NLGs use active cy-
toskeleton transport.
Materials andMethods
Cell culture, transfection, and immunochemistry
Primary hippocampal cultures were prepared from postnatal day 0 (P0)
mice or rats as previously described (Loebrich et al., 2006; Maas et al.,
2006). Neurons were transfected using a calcium phosphate protocol
(Fuhrmann et al., 2002). Cells were fixed with 4% (w/v) paraformalde-
hyde (PFA)-PBS for 12min, permeabilizedwith 0.2% (v/v) TritonX-100
for 4 min, and then blocked with 1% (w/v) bovine serum albumin (Ap-
plichem) in PBS for 30 min. Antibody staining was performed by incu-
bation for 2 h with primary antibodies and 45 min for secondary
antibodies in blocking buffer. GFP- and mRFP-fusion proteins were vi-
sualized by autofluorescence.
For immunohistochemistry, cryostat sections (10 m) were per-
meabilized in 0.5% Triton X-100/PBS for 2  10 min. After brief
washing with PBS and 60 min incubation in blocking solution (1%
BSA, 10% goat serum in PBS), primary antibodies were applied over-
night dissolved in 3% goat serum, 1% BSA, and 0.05% Triton X-100
in PBS. Secondary antibody incubation (in primary antibody solu-
tion) was performed for 1 h.
Chemical treatment designed to induce LTP and LTD
For chemical treatment designed to induce long-term potentiation
(LTP) (Otmakhov et al., 2004; Oh et al., 2006; Kim et al., 2007), day in
vitro 10 (DIV10) rat hippocampal neurons or acute slices (see below)
were incubated for 20 min in Ringer solution (1 mM MgCl2, 125 mM
NaCl, 2.5mMKCl, 2mMCaCl2, 33mMD-glucose, 25mMHEPES, pH 7.3)
and 10 min in Ringer solution (125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2,
33 mM D-glucose, 25 mM HEPES, pH 7.3) supplemented with 50 M
forskolin and 0.1 M rolipram (Tocris Bioscience). The solvent DMSO
(Sigma, 1:1000) was used as a control. After PBS washing, a biotinylation
assay was performed to analyze cell surface levels of NLG1/3 in cultured
hippocampal neurons or acute slices. For chemical treatment designed to
induce long-term depression (LTD) (Palmer et al., 1997; Huber et al.,
2001; Snyder et al., 2001), DIV10 rat hippocampal neurons or acute slices
were treated with 50M (RS)-3,5-dihydroxyphenylglycine (DHPG, Toc-
ris Bioscience) for 5 min at 37°C. After washing with PBS, cells were
incubated for 1 h at 37°C followed by surface biotinylation analysis to
analyze cell surface levels of NLG1/3. To study chemical treatment de-
signed to induce LTD in the presence of microtubule-depolymerizing
agent, either 1 M nocodazole (Tocris Bioscience) or DMSO (control)
was applied simultaneously with 50 M DHPG. In a second approach,
50 M DHPG was applied alone for 5 min, followed by 1 M nocoda-
zole (Tocris Bioscience) application during the 1 h incubation time at
37°C. The effect of nocodazole alone was studied by adding 1 M
nocodazole (Tocris Bioscience) or DMSO (control) to cultured hip-
pocampal neurons (DIV10) for 1 h. Subsequently, a biotinylation
assay was performed.
Before biotinylation assays using potentiated or depressed acute tissue,
200mslices were cut from adult wild-type C57BL/6J hippocampi using
a tissue chopper (McIlwain tissue chopper TC752). Slices were immedi-
ately transferred to a buffer, supplemented with 50 M DHPG (Tocris
Bioscience) or 50 M forskolin and 0.1 M rolipram (Tocris Bioscience)
to induce either chemical LTD (cLTD) or chemical LTP (cLTP), respec-
tively. Subsequently a biotinylation assay was performed as described
below.
Surface biotinylation assay
A surface biotinylation assay was performed to assess the relative number
of neuroligin molecules in the plasma membrane as a measure of West-
ern blot signal intensities. For biotinylation of cell surface proteins, cells
were washed with PBS, incubated with 1 mM biotinylation reagent (bi-
otinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium
salt, Sigma) for 20min at 4°C and quenched twice with 100mM glycine in
HEPES buffer for 20 min at 4°C. Cells were harvested with PBS/1%
Triton X-100, centrifuged at 1000  g for 5 min, and then loaded on
streptavidin beads (Dynabeads MyOne Streptavidin C1, Invitrogen) fol-
lowed by an incubation period of 3 h at 4°C, with subsequent washing
and resuspension in 4 SDS sample buffer.
Antibodies
The following antibodies were used for immunoprecipitation andWest-
ern blotting: anti-actin (1:2000, Sigma), anti-Arp1 (LaMonte et al.,
2002), anti-pan-cadherin (1:2000, Abcam), anti-calbindin-D-28K
(Sigma, 1:100), anti-dynamitin (IP1097) (LaMonte et al., 2002), anti-
dynein intermediate chain (1:2000, Millipore Bioscience Research Re-
agents), anti-EEA1 (1:100, BD Bioscience), anti-Flag-M2 (1:250, Sigma),
anti-GluR2 (1:50, Millipore), anti-KIF5C (1:2000, ABR), anti-Kinesin 1
(1:1000, Millipore Bioscience Research Reagents), anti-NLG1 (1:2000,
Synaptic Systems), anti-NLG1/NLG3 (1:2000, Synaptic Systems), anti-N-
cadherin (1:1000, Sigma), anti-nNOS (1:500, CST), anti-p22 (LaMonte et
al., 2002), anti-p62 (LaMonte et al., 2002), anti-p150Glued (LaMonte et
al., 2002), anti-PSD-95 (1:250, BD Bioscience), anti-PSD-95 (1:2000,
ABR), anti-SAP97 (1:1000,ABR),mouse unspecific IgG (Sigma), and rabbit
unspecific IgG (Sigma). The following antibodies were used for immu-
nofluorescence: anti-dynein heavy chain (1:50, Santa Cruz Biotech-
nology), anti-myc (1:50, Sigma), anti-PSD-95 (1:100, ABR), anti-
PSD-95 (1:200, Cell Signaling Technology), and anti-synaptophysin
(1:100, Santa Cruz Biotechnology). The following secondary antibod-
ies were used: HRP-conjugated anti-mouse or anti-rabbit (both
1:10,000, Dianova) and CY2-, CY3-, or CY5-conjugated donkey anti-
goat, anti-mouse, or anti-rabbit (all 1:500, Dianova).
Constructs
The following constructs have been previously described: GFP-NLG1
(Fu et al., 2003; Barrow et al., 2009), YFP-NLG1 (Graf et al., 2004),
and dynamitin-EGFP (Palazzo et al., 2001). To generate GFP-PSD-
95, the PSD-95 cDNA was subcloned as EcoRI-SalI fragment into
pEGFP-N2 (BD Bioscience). The plasmid mRFP-DIC was generated
by subcloning the DIC2B cDNA as BglII/KpnI fragment into pm-
RFP1. To generate GFP-PSD-95 (256–398), a corresponding PCR
product was subcloned as EcoRI-SalI fragment into pEGFP-C2 (BD
Bioscience). For myc-NLG1C-term., lacking the C-terminal 6 aa
(HSTTRV) that correspond to the PDZ binding motif, a PCR product
was subcloned as HindIII-XbaI fragment into pcDNA3 (Invitrogen).
Time-lapse imaging
Time-lapse imaging to analyze particle mobility of GFP-NLG1, GFP-
PSD-95, and mRFP-DIC in cultured hippocampal neurons was per-
formed as described previously (Maas et al., 2006). In brief, images were
taken with an inverted fluorescent microscope Axiovert 200M (Zeiss)
combined with a charge-coupled device camera (SPOT RT-SE, Sony),
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equipped with a high-speed filter wheel for sequential image acquisition.
Image acquisition intervals from 5 to 60 s were used.
Mass spectrometry
Bands were isolated from colloidal Coomassie-stained protein gels. Pro-
teins were reduced with 10 mM dithiothreitol (DTT) and cysteine resi-
duesmodifiedwith 55mM iodoacetamide before overnight in-gel trypsin
digestion at 37°C (5 ng/l trypsin in 50 mMNH4HCO3). Gel pieces were
subsequently extracted in 50%acetonitrile/5% formic acid, vacuumcon-
centrated, and redissolved in 0.1% trifluoroacetic acid (TFA)/water. For
measurements, samples were applied by the dried droplet method using
-cyano-4-hydroxycinnamic acid (ACCA) as matrix. Mass spectra were
acquired on a REFLEX IV (Bruker). For data base analysis, the Mascot
peptide mass fingerprint search algorithm (Matrix Science) was applied.
Coimmunoprecipitation
Brains of eight P10 rats were dissected in ice-cold PBS and homogenized
in IM-Ac buffer (20 mM HEPES, 100 mM K-acetate, 40 mM KCl, 5 mM
EGTA, and 5 mM MgCl2, pH 7.2) with freshly added protease inhibitor
cocktail (Roche), 5 mMDTT, and 2 mMmagnesium-ATP. Homogenates
were clarified by centrifugation at 1000  g for 10 min and the post-
nuclear supernatant was used for the following steps. First, the superna-
tant was centrifuged at 10,000  g for 10 min to pellet large membrane
organelles (P2). The remaining supernatant was further centrifuged at
100,000 g to collect small membrane organelles (P3). After coupling 4
g of antibodies to magnetic Protein G Dynabeads (Invitrogen) in IP
buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 5 mM MgCl2; 0.5% Triton
X-100), extracts fromP3 fractionswere incubated in IP buffer containing
0.5% Triton X-100 together with the beads for 4 h, followed by extensive
washing steps with IP buffer containing 0.5% Triton X-100. Bound pro-
teins were eluted by boiling in SDS-containing sample buffer and exam-
ined by Western blotting (Maas et al., 2006).
Imaging
Cells at the microscope stage were kept in HEPES buffer (10 mMHEPES,
135 mMNaCl, 5 mM KCl, 2 mM CaCl2, 2 mMMgCl2, 15 mM glucose) and
temperature (37°C) and CO2 controlled (Maas et al., 2006). For FM-dye
labeling of active synapses, cells were exposed to 50 M DL-APV and 15
M FM4-64 for 1 min in 31.5 mMNaCl, 90 mM KCl, 5 mMHEPES, 1 mM
MgCl2, 2 mM CaCl2, and 30 mM glucose. For FM-dye imaging, cells were
kept inHEPES buffer containing 50MDL-APV and 10MDNQX(Maas
et al., 2006). Fluorescence colocalization studies were performed with
either an inverted Leica TCS-SP2 (Leica) or an upright Olympus Fluo-
View TMFV1000 (Olympus) laser scanning confocal microscope using
either 40 or 63 objectives. For simultaneous multichannel fluores-
cence, images were taken in a sequential recording mode.
Preparation of postsynaptic densities
Synaptosomeswere prepared according to a previous protocol (Rogers et
al., 1991). In brief, tissues were homogenized in a glass polymer homog-
enizer using 9 volumes of ice-cold dissection buffer (50 mM Tris-acetate,
pH 7.0, 10% sucrose, 5mMEDTA) containing protease inhibitor cocktail
(Roche). Homogenates were centrifuged at 800 g for 20min. Resulting
supernatants were centrifuged at 16,000 g for 30min. Resulting pellets
were rehomogenized in 20mMHEPES buffer, pH 7.4, and centrifuged at
16,000  g for 15 min followed by resuspension in 5 volumes of lysis
buffer (5 mM Tris-acetate, pH 8.1 including protease inhibitors). After
incubation on ice for 45 min, homogenates were supplemented to get a
final concentration of 34% (w/w) sucrose and 5mMTris-acetate, pH 7.4.
Homogenate was overlaid with an equal volume of 28.5% (w/w) sucrose/
Tris-acetate and another equal volume of 10% (w/w) sucrose/Tris-
acetate, followed by gradient centrifugation at 60,000 g for 2 h. Bands
at the 28.5% and 34% interface were collected, diluted in 10% (w/w)
sucrose/Tris-acetate, and pelleted by centrifugation at 48,000 g for 30
min. The resulting pellet containing synaptosomes was resuspended in
Tris-acetate buffer. For preparation of PSDs, the remaining pellet was
homogenized using a glass homogenizer. An equal amount of 3% (v/v)
Triton X-100 was added for 30 min with occasional mixing. Samples
were layered on top of 28.5% (w/w) sucrose/Tris-acetate and centrifuged
at 105,000 g for 1 h. The resulting pellet containing postsynaptic den-
sities was resuspended in Tris-acetate buffer.
Electron microscopy
Mice were anesthetized and perfused with 4% PFA and 3% glutaralde-
hyde in PBS. One-hundred-micrometer vibratome sections of the cere-
bellum were cut. After fixation with 1% OsO4, the sections were
dehydrated in an ascending series of ethanol and embedded in Epon
(Carl Roth). Ultrathin sections were examined with a Zeiss EM 902 elec-
tron microscope. Approximately 100 micrographs were randomly taken
from sections of each animal at a magnification of 20,000 in the outer
third of the molecular layer with a Megaview III camera and the iTEM
(SIS) software.
The analysis of PSD length and spine head area size was blindly per-
formed using Meta Imaging Series 7.1/MetaMorph Offline and analySIS
3.0. For measurements of synapse number the results were manually
controlled.
Internalization assay
Cultured hippocampal neuronswere transfectedwith plasmids encoding
wt or mutant myc-NLG1C-term., with equal amounts of plasmid en-
coding EGFP, Dynamitin-EGFP, or GFP-PSD-95 (256–398). Twenty-
four hours after transfection, cells were incubatedwith anti-myc for 1 h at
4°C. Upon removal of excess antibody, cells were incubated at 37°C for a
2 h period to allow endocytosis to occur. After this, cell surface myc-
NLG1 was detected with Cy5-conjugated secondary antibody (blue sig-
nal) in the absence of permeabilization at 4°C. Cells were subsequently
fixed in 4% PFA/4% sucrose for 10 min and permeabilized with 0.25%
Triton X-100/PBS for 5 min. After blocking with 1% BSA/PBS for 30
min, internalized primary antibodies were detectedwith Cy3-conjugated
secondary antibody (red signal). Cells were washed twice in PBS and
mounted in Aqua Poly Mount (Polysciences). As a negative control, 350
mM sucrose was used during the whole procedure to block endocytosis.
Internalization of GluR2 was performed as described above; however,
instead of anti-myc, an anti-GluR2 antibody was used to visualize inter-
nalized GluR2.
Electrophysiology
Cultures. Experiments were done on hippocampal neurons (DIV10–12)
with the whole-cell configuration of the patch-clamp technique (Hamill
et al., 1981; Goddard et al., 2007). For stimulation and data acquisition
the Pulse 8.65 software (HEKA) in combination with an EPC-9 patch-
clamp amplifier (HEKA) was used. Data were low-pass filtered at 2.9
kHz. Experiments were done at room temperature (21–23°C). Pipettes
were made from borosilicate glass capillaries and coated with Sigmacote.
When filled with intracellular solution the pipette resistance was 3.0–4.0
M. Data were analyzed with PulseFit (HEKA), Mini Analysis (Synap-
tosoft), Igor (Wavemetrics), and Excel (Microsoft). The extracellular
solution contained the following: 143 mM NaCl, 5 mM KCl, 0.8 mM
MgCl2, 1 mM CaCl2, 10 mM HEPES, 5 mM glucose, 0.5 M TTX, and 20
Mbicuculline, pH adjusted to 7.3withNaOH. In some experiments, the
extracellular solution contained in additionCNQX (20M) andAPV (20
M) which completely blocked mEPSCs. The pipette solution contained
the following: 120 mM K-gluconate, 8 mM NaCl, 2 mM MgCl2, 0.5 mM
CaCl2, 5 mM EGTA, 10 mM HEPES, 14 mM phosphocreatine, 2 mM
magnesium-ATP, and 0.3 mM sodium-GTP, pH adjusted to 7.3 with
KOH. Neurons successfully transfected with dynamitin-EGFP were de-
tected by their GFP fluorescence. Measurements were made between 16
and 24 h after transfection. Except where indicated, all chemicals were
purchased from Sigma.
Slices. Sagittal slices of the hippocampal formationwere prepared from
male C57BL/6N mice (P29–P30) in accordance with national and insti-
tutional guidelines. The animals were anesthetized with isoflurane and
decapitated. Their brains were quickly removed and submerged in ice-
cold ACSF containing the following: 87mMNaCl, 50mM sucrose, 26mM
NaHCO3, 10 mM glucose, 2.5 mM KCl, 1.25 mMNaH2PO4, 3 mMMgCl2,
and 0.5mMCaCl2, equilibratedwith 95%O2 and 5%CO2, pH 7.4. Tissue
blocks containing the hippocampus were mounted on a vibratome
(VT1200S, Leica Microsystems) in a submerged chamber and cut at 300
m thickness. After an incubation period of 30 min at 35°C, the slices
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were stored at room temperature and kept for
1–5 h before being transferred to the recording
chamber. Field recordings were performed at
room temperature. The slices were viewedwith
a fixed stage upright microscope (Olympus)
and perfused at a rate of 5 ml/min with ACSF
containing the following: 119mMNaCl, 26mM
NaHCO3, 10 mM glucose, 2.5 mM KCl, 2.5 mM
CaCl2, 1.3mMMgCl2, and 1mMNaH2PO4. For
chemical LTP induction, slices were perfused
for 10 min with ACSF containing the follow-
ing: 119 mM NaCl, 26 mM NaHCO3, 10 mM
glucose, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM
NaH2PO4, 50 M forskolin, and 0.1 M rolip-
ram. For chemical LTD induction, slices were
perfused for 5 min with 50 M DHPG. The
recording and stimulation electrodes (thin-
walled borosilicate glass capillaries, Harvard
Apparatus) had diameters of7 m and10
m, respectively. They were filled with ACSF
and placed in stratum radiatum of area CA1.
Field responses were evoked by electrical stim-
ulation (100 s every 1 min) using a stimulus
isolator (ISO-flex, A.M.P.I.). Prior each exper-
iment, the stimulus strength was adjusted to
produce an fEPSP amplitude 50% of that
which elicited a population spike. Input signals
were amplified using an Axopatch 700B Am-
plifier (Molecular Devices). Data were ac-
quired using a BNC-2090 interface board
(National Instruments) and IGOR Pro 4 soft-
ware (Wavemetrics) (digitized at 5 kHz and
low-pass filtered at 2 kHz). All electrophysio-
logical data were analyzed using IGOR Pro 4.
The slope of each individual fEPSP was calcu-
lated from its 20–80% rise time. Average val-
ues are expressed as mean SEM.
Sucrose gradient
Fractionation of brain homogenates of wild-
type and transgenic M21 mice was performed
as previously described (LaMonte et al., 2002).
Quantitative data analysis
For evaluation of relative Western blot signal
intensities, films were scanned with a resolu-
tion of 600 dpi and signals subsequently ana-
lyzed using the ImageJ, version 1.38 analysis
software (National Institutes of Health). Signal
intensities were normalized, as compared to
loading control signals. Quantitative data dis-
play average values from independent experi-
ments. For colocalization studies, confocal
images frommultiple individual cells were ob-
tained using identical photomultiplier values
throughout individual coverslips. TIFF files
were eventually contrast and/or brightness ad-
justed using Adobe Photoshop CS2, keeping
identical input levels for each channel through-
out all parallel images. For analysis of mobile
puncta, images were acquired using the Meta-
Vue 6.2r6 software connected to the digital
camera. Image stacks were subsequently
loaded intoMetaMorph 7.1 andmobile puncta
from unprocessed images were followed
throughout individual frames. To compensate
strong light intensities in cell bodies, brightness
was eventually reduced to track mobile puncta
in somata. Due to the inability of MetaMorph
Figure 1. Altered NLG1 surface membrane levels upon application of chemical treatment designed to induce LTP or LTD,
respectively. A, B, Chemical treatment designed to induce LTP significantly increases NLG1/3 at neuronal surface membranes. A,
Surface biotinylation analysis of acute hippocampal slices detected against NLG1 and pan-cadherin (loading control).B, Neuronal
surface biotinylation analysis of NLG1/3 and pan-cadherin (loading control) in cultured hippocampal neurons. C, D, Chemical
treatment designed to induce LTD significantly reduces NLG1/3 from neuronal surface membranes. C, Surface biotinylation anal-
ysis of acute hippocampal slices detected against NLG1 and pan-cadherin (loading control). D, Neuronal surface biotinylation
analysis of NLG1/3 andpan-cadherin (loading control) in culturedhippocampal neurons. Values reflect relativeWestern blot signal
intensities of surface membrane NLG1/3 protein levels, analyzed using the ImageJ software. Error bars represent the SEM. *p
0.05; **p 0.01. E, F, Chemical LTP or chemical LTD induction in acute slices of P30 C57BL/6Nmice causes a long-lasting increase
or depression of fEPSPs, respectively. E, Chemical LTP induction by treatment with forskolin and rolipram led to a long-term
increase of fEPSPs by 30% (average of the normalized fEPSP slopes in the last 5min of recording: 1.29 0.05, n 5). F, Chemical
LTD induction by DHPG treatment caused long-term depression of fEPSPs by 32% (average of the normalized fEPSP slopes in the
last 5 min of recording: 0.76 0.03, n 4). G, Examples showing recordings of spontaneous mEPSCs from a control cultured
hippocampal neuron (upper panel) and a cultured neuron treated with forskolin/rolipram (lower panel). H, Mean SEM of
interevent intervals of control (DMSO treatment) and forskolin/rolipram-treated neurons; the graph shows a very significant
difference between the twomeans (control: 1041.12 216.29ms, n 9; forskolin/rolipram: 321.22 65.63ms, n 11; p
0.01). Forskolin/rolipramtreatment induces adrastic increase in synaptic activity. ThemeanvaluesofmEPSCamplitudesof the two
groups of neurons were slightly different; however, this difference was not statistically significant (control: 14.4  1.2 pA;
forskolin/rolipram: 17.0 2.0 pA; p 0.296). Error bars represent the SEM. **p 0.01.
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to reliably track crossing particles, the program’s “Track Objects” func-
tion was excluded and mobile particles were instead manually tracked
per mouse click throughout each individual frame. Direction of move-
ment (anterograde vs retrograde)was assessed by comparing the position
of each particle between the first and last frame of each stack. Due to
alternate mobility of individual puncta, average maximal velocities be-
tween two acquisition frames (instantaneous velocity) were assessed for
maximal comparison. Fluorescence intensity measurements (arbitrary
pixel units) were performed using the “Region Statistics” functionwithin
MetaMorph. Identical regions of interests (ROIs) were defined, covering
signals of interest throughout multiple image acquisition frames. Aver-
age intensities within each ROI are compared. For analysis of pulse-chase
internalization values, two subsequent measurements were performed
usingMetaMorph 7.1. First, colocalization values of blue and red signals
(magenta) were assessed. In a second step, intracellular myc-NLG1 sig-
nals from the same cell (red)weremeasured. To achieve a corrected value
for internalization rates, overlapping signals (magenta) were subse-
quently subtracted from red signals. Statistical analysis was performed
with Microsoft Excel. The Student’s t test was
used to assess statistical significance. *p 0.05;
**p 0.01; ***p 0.001.
Results
Altered neuroligin 1/3 surface
membrane levels upon chemical
treatment designed to induce LTP
or LTD
Since postsynaptic NLG1 connects presyn-
aptic terminals and postsynaptic spines
through a transsynaptic interaction with
NRX1 (Su¨dhof, 2008), we askedwhether
a factor that critically participates in an
intercellular connection of this kind
would at all be subject to protein exchange
at synapses. To address this, we applied
chemical treatment designed to induce
LTP in acute hippocampal slices and cul-
tured hippocampal neurons through ap-
plication of a forskolin/rolipram protocol
(Otmakhov et al., 2004; Oh et al., 2006;
Kim et al., 2007). Notably, surface bioti-
nylation analysis revealed that NLG1/3
levels at the neuronal plasma membrane
were significantly increased upon a persis-
tent enhancement in synaptic strength
(slices: untreated 1.09 0.44, n 3; for-
skolin/rolipram 2.36  0.10, n  3, p 
0.05; cultures: untreated 0.51 0.10, n  6;
forskolin/rolipram1.02 0.11,n 6; p
0.01) (Fig. 1A,B). This effect was specific
and not due to changes in NLG gene
expression as revealed from analysis of
whole-cell extracts, in comparison toa load-
ing control (supplemental Fig. S1A, avail-
able at www.jneurosci.org as supplemental
material). Control electrophysiological re-
cordings confirmed that forskolin/rolipram
induce cLTPat Schaffer collateral–CA1 syn-
apses, leading to a long-lasting increase of
fEPSPs by 30% (Fig. 1E). Moreover, we in-
duced cLTP in cultured hippocampal neu-
rons, which resulted in a strong increase in
synaptic activity (Fig. 1G,H).
In contrast, application of chemical
treatment designed to induce LTD through
the mGluR agonist DHPG caused long-
term depression of fEPSPs by 32% in acute hippocampal slices
(Fig. 1F) (Palmer et al., 1997; Huber et al., 2001), and is known
to decrease synaptic activity in cultured hippocampal neurons
(Snyder et al., 2001). In the analysis of neuronal NLG1 surface
membrane levels, this treatment caused significant effects in
both acute slices and cultured neurons leading to NLG1 de-
crease at neuronal plasma membranes (slices: untreated
1.89  0.31, n  3; DHPG 0.95  0.15, n  3, p  0.05;
cultures: untreated 1.14 0.30, n 5; DHPG 0.39 0.08, n
5; p  0.05) (Fig. 1C,D). Also under these conditions, total
NLG1/3 levels remained unchanged in whole-cell extracts, in-
dicating that NLG proteolysis or a decrease in NLG1/3 gene
expression was not an issue in this respect (supplemental Fig.
S1B, available at www.jneurosci.org as supplemental
material).
Figure 2. NLG1 leaves dendritic spine heads and LTD-induced NLG internalization requires intact microtubules. A, A GFP-NLG1
particle (green, white arrows) leaves a synapse. Active presynaptic terminals are represented through FM4-64 (red). Scale bar, 1.5
m.The spine head (white circles) ismagnified inB.B,C, Fluorescence intensities ofwhite circles inA. Red arrow, Particle that just
starts to emerge from the postsynaptic compartment. D, Chemical treatment designed to induce LTD through DHPG significantly
increases the number of mobile GFP-NLG1 particles in cultured hippocampal neurons. E, F, In the presence of the microtubule-
depolymerizing agent nocodazole, chemical treatment designed to induce LTD does not reduce NLG1/3 from neuronal surface
membranes. (n 4 experiments) (compare with Fig. 1C,D). E, Whole-cell extract detected against NLG1/3 (input). Pan-cadherin
detection, Loading control. F, Neuronal surface biotinylation analysis of NLG1/3. Pan-cadherin, Loading control. Values reflect
relativeWestern blot signal intensities of surfacemembraneNLG1/3 protein levels, analyzed using the ImageJ software. Error bars
represent the SEM. ***p 0.001.
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Intact microtubules are required for LTD-induced removal of
neuroligin 1/3 from neuronal surface membranes
To analyze whether these results reflected spine formation/re-
traction or protein exchange of NLG particles, we performed
time-lapse video microscopy with a fluorescent GFP-fusion pro-
tein of NLG1. This fusion protein has been previously described
(Fu et al., 2003; Barrow et al., 2009), localizes to dendritic spines
(supplemental Fig. S3A, available at www.jneurosci.org as sup-
plemental material) and colocalizes with its binding partners
PSD-95 and postsynaptic NRX1 (Taniguchi et al., 2007) (sup-
plemental Fig. S3A, available at www.jneurosci.org as supple-
mental material).
Live-cell imaging on DIV12–14 cultured hippocampal neu-
rons revealed individual particles that entered (not shown) and
left (Fig. 2A–C) dendritic protrusions over time. However, as
particle delivery could just reflect newly formed growing con-
tacts, we focused on retrogradely moving particles that left spine
heads, which harbor the postsynaptic site of excitatory synapses.
We found that GFP-NLG1 moved in both directions through
neurites, displaying alternatemovement and pausingwith amax-
Figure 3. In vitro binding, colocalization, and cotransport of NLG1, PSD-95, and dynein. A, A GFP-PSD-95 particle leaves a dendritic spine head over time. Scale bar, 0.2m. B, C, Fluorescence
intensities of white circles in A. C, The reduced signal intensity indicates removal of fluorescent material. Controls were performed to rule out that these changes refer to bleaching (not shown). D,
Mass spectrometry identifies DIC as a PSD-95 binding partner. E–H, Co-IPs from P10 rat brain vesicle-enriched fractions (P3). DIC-specific antibodies coprecipitate PSD-95 and NLG1/3, but not
N-cadherin, nNOS, or GluR1. NLG1-specific antibodies coprecipitate PSD-95 and DIC, but not themotor KIF5C. PSD-95-specific antibodies coprecipitate intracellular nonsynaptic NLG1 (P3 lysate). I,
Immunocytochemical analysis of DIV10–14 cultured hippocampal neurons. Dynein heavy chain (DHC) and PSD-95 colocalize at nonsynaptic, synaptophysin (Syn)-negative sites (yellow, arrows).
Themajority of PSD-95 is synaptic (magenta, arrowheads; supplemental Fig. S3B, available at www.jneurosci.org as supplemental material). J, Triple colocalized puncta of YFP-NLG1, PSD-95, and
DHCare found in neurites (white, arrows; supplemental Fig. S3C, available atwww.jneurosci.org as supplementalmaterial).K, Retrogradeneuronal cotransport of GFP-NLG1andmRFP-DIC particles
in neurites over time. L, Retrograde neuronal cotransport of GFP-PSD-95 and mRFP-DIC particles in neurites over time. Scale bars (K, L), 2.5m. M, N, Time-lapse video microscopy on cultured
hippocampal DIV 13 neurons, coexpressing GFP-NLG1 (green) andmRFP-DIC (red). Themerged particle (indicated as 1) is magnified inN (yellow) for each time point. It moves from the spine head
through the neck of the spine andwithin the parent dendrite further to the right, indicating that dynein-dependent transport is involved in this process. A second particle appears in the red channel
at time point 15 s that remains stable over the rest of the movie.
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imal velocity of 0.11  0.02 m/s (n  19 particles, 3 experi-
ments) (supplemental Fig. S3D, available at www.jneurosci.org
as supplemental material). Individual GFP-NLG1 particles left
the spine head and moved down its neck toward the underlying
parent dendrite (Fig. 2A). In parallel, active presynaptic termi-
nals were labeled with the red fluorescent dye FM4-64, to ensure
that the analyzed spine compartments were innervated and rep-
resented functional synapses (Fig. 2A). Fluorescence intensity
analysis (Fig. 2B) confirmed the loss of fluorescent molecules
after particle egression (white circles in Fig. 2A,C) and proved
that the majority of GFP-NLG1 signals remained at the spine
synapse that was not subject to spine retraction (Fig. 2A, lower
image).
Consistent with decreased NLG1 surface membrane levels
upon DHPG treatment designed to induce LTD (Fig. 1C,D),
DHPG also caused a highly significant increase in the number
of GFP-NLG1 particles that were mobile over the time period
analyzed (untreated: 48.0  9.0%, n  63 movies, 9 experi-
ments; DHPG: 124.0 25.0%, n 33 movies, 5 experiments,
p  0.001) (Fig. 2D), suggesting that changes in synaptic
strength can alter NLG1 intracellular transport. We therefore
asked whether intact microtubules, known to enter dendritic
spines in an activity-dependent manner (Hu et al., 2008;
Jaworski et al., 2009) and to mediate long-distance transport
(Hirokawa and Takemura, 2005), would be a prerequisite for
NLG internalization uponDHPG-induced LTD induction. In-
deed, combination of DHPG with the microtubule-depoly-
merizing agent nocodazole prevented the formerly identified
(compare with Fig. 1C,D) reduction of NLG1/3 signals from
neuronal surfaces [inputs: untreated: 1.08  0.19, n  4;
DHPGnocodazole: 1.10 0.17, n 4 (Fig. 2E); biotinylation
analysis: untreated: 0.65  0.06, n  4; DHPGnocodazole:
0.82  0.05, n  4 (Fig. 2F; supplemental Fig. S2, available at
www.jneurosci.org as supplemental material)], a finding that
suggested that active cytoskeleton transport might be an under-
lying mechanism for induced NLG turnover.
Association and colocalization of neuroligin 1 with
components of the dynein motor complex
Different microtubule transport complexes in neurons use
postsynaptic anchoring proteins to connect transmembrane
cargo to molecular motors (Setou et al., 2000, 2002; Maas et al.,
2006).We therefore askedwhether theNLG1C-terminal binding
partner PSD-95 (Irie et al., 1997) could link NLG1 to a motor
involved in active cytoskeleton transport. Mobile GFP-PSD-95
fluorescent particles were also found to enter (not shown) and
leave (Fig. 3A) spine protrusions in retrograde directions. They
moved with maximal velocities of 0.31  0.06 m/s (n  15
particles, 3 experiments) (supplemental Fig. S3D, available at
www.jneurosci.org as supplemental material), and fluorescence
intensity analysis consistently revealed decreasing intensity val-
ues after the egression of subparticles (Fig. 3B,C). In subsequent
co-IP experiments from P10 rat brain vesicle-enriched fractions
(P3-lysate) using PSD-95-specific antibodies, followed by mass
spectrometry (MS), we indeed identified a dynein intermediate
chain (DIC, GenBank protein accession number AAH78764) as
being part of a PSD-95 complex (Fig. 3D), suggesting that
PSD-95might associatewith dyneinmotors in transit. Consistent
with this result upon MS analysis, immunoprecipitation with
DIC-specific antibodies fromvesicle-enriched lysates led to co-IP
of both PSD-95 and NLG1/3, whereas the unrelated protein
N-cadherin was not part of the putative transport complex (Fig.
3E). Also the postsynaptic submembrane and transmembrane
proteins nNOS and the AMPA receptor subunit GluR1, respec-
tively, were not subject to coprecipitation (Fig. 3F), indicating
specificity of the above results. Reciprocal experiments with an
NLG1-specific antibody (Song et al., 1999) consistently revealed
co-IP of both PSD-95 and DIC, but not KIF5C, an unrelated
microtubule motor detected as a control (Fig. 3G). Finally, a
control confirmed that the reported interaction of PSD-95 and
NLG (Irie et al., 1997) occurs not only at synaptic membranes,
but also at intracellular vesicle-enriched fractions (Fig. 3H). Im-
munocytochemical analysis consistently identified overlapping
particles of the dynein subunit DHC and PSD-95 at nonsynaptic,
putatively intracellular, positions (Fig. 3I, arrows; supplemental
Fig. S3B, available at www.jneurosci.org as supplemental mate-
rial) and revealed triple colocalization of YFP-NLG1, PSD-95,
andDIC inneurites (Fig. 3J, arrows; supplemental Fig. S3C, avail-
able at www.jneurosci.org as supplemental material).
Figure 4. Increased protein levels at PSDs upon functional dynein inhibition. Analysis of
brains derived from wt mice or tg mice that overexpress dynamitin under the postnatal Thy-1
promoter is shown. A, B, Quantitative evaluation of protein levels at PSDs. NLG1/3 (A) and
PSD-95 (B) are significantly enriched at PSDs in the absence of retrograde transport. Actin,
Loading control. C, Control analysis of whole-cell extracts confirming that the identified
changes in A and B are due to redistributions of the proteins analyzed and do not represent an
overall change ingeneexpression. Actin, Loading control.D, Control evaluationof protein levels
at PSDs. Other postsynaptic transmembrane (N-cadherin, GluR1) and submembrane (nNOS)
proteins remain unaltered under the same conditions as shown in A and B. Values reflect
relative Western blot signal intensities, analyzed using the ImageJ software. Error bars repre-
sent the SEM. *p 0.05; ***p 0.001.
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It was not in the focus of this study to map individual binding
sites for direct interactions, and it is possible that additional ac-
cessory or linker proteins may be involved in the actual complex.
However if the above in vitro binding and colocalization data
reflected a functional dynein-dependent motor-cargo complex
that includesNLG1 andPSD-95, both factors should display neu-
ronal comigration with a dynein motor subunit. Application of
time-lapse video microscopy on DIV12–14 neurons accordingly
displayed cotransport of both GFP-NLG1 (n  10 particles, 3
experiments) (Fig. 3K,M,N; supplemental Fig. S3D, available at
www.jneurosci.org as supplemental material) and GFP-PSD-95
(n 15 particles, 3 experiments) (Fig. 3L; supplemental Fig. S3D,
available at www.jneurosci.org as supplemental material) parti-
cles, together with the fluorescent dynein subunit mRFP-DIC
(Lardong et al., 2009).
Synaptic morphology changes upon functional dynein
inhibition in mice resemble the spine phenotype upon
transgenic NLG1 overexpression
To perform loss-of-function in vivo and to interfere with dynein-
mediated retrograde transport of endogenous NLG at adult
stages (1 year), we analyzed mice that transgenically overexpress
dynamitin (LaMonte et al., 2002) (supplemental Fig. S4A, avail-
able at www.jneurosci.org as supplemental material) under the
postnatally active Thy1.2 promoter, thereby inhibiting dynein
function (supplemental Fig. S4B, available at www.jneurosci.org
as supplemental material) (LaMonte et al., 2002). This promoter
is active in the brain, especially in the cerebellum of these mice
(see Fig. 5C–F). In agreement with NLG1 and PSD-95 packets
comigrating with dynein (Fig. 3K–N), inhibition of retrograde-
directed dynein transport caused a significant accumulation of
both NLG1/3 (wt: 0.85  0.15; tg: 3.22  0.22, n  3 experi-
ments/animal, p 0.001) (Fig. 4A) and PSD-95 (wt: 1.07 0.28;
tg: 1.99 0.06, n 3 experiments/animal, p 0.05) (Fig. 4B) in
postsynaptic density preparations derived from transgenic (tg),
as compared to wild-type (wt), mice. In contrast, the control
analysis of whole-cell extracts from both genotypes revealed
equal levels of NLG1/3 and PSD-95 (NLG1/3: wt 0.70 0.23, tg
0.70  0.39; PSD-95: wt 3.08  0.78, tg 3.12  0.74. n  3
experiments/animal) (Fig. 4C), confirming that the above results
(Fig. 4A,B) were due to protein redistributions and not to
changes in gene expression. Further controls confirmed the spec-
ificity of the identified changes, since the subcellular localization
of other transmembrane (N-cadherin, GluR1) or submembrane
(nNOS) PSD-proteins remained unaltered (Fig. 4D).
To check for synapse morphology changes in dynamitin-
overexpressing mice, electron microscopy (EM) analysis was ap-
plied on ultrathin cerebellar tissue sections derived from wt and
Figure 5. Increased PSD lengths and spine head areas upon inhibition of dynein-mediated
retrograde transport in vivo. Electron microscopy analysis of parallel fiber–Purkinje cell syn-
apses derived from cerebellar slices of adult wt and tg mice (age: 12 months) that overexpress
dynamitin under the postnatal Thy-1 promoter (LaMonte et al., 2002) is shown. Purkinje cells
express the flag-tag representing the transgene (compare with D and F ). A, PSD lengths at
asymmetric synapses are significantly increased in tissue derived from tg mice, represented
through dynein inhibition, as compared to tissue derived fromwtmice. PSDs are underlined in
red (n 3 animals per genotype). B, Spine head areas are significantly increased in tissue
derived from tg mice, represented through dynein inhibition, as compared to tissue derived
from wt mice. Areas used for analysis are highlighted through dashed lines in red. (n 3
animals per genotype). Scale bars, 100 nm. Note that the single transgenic overexpression of
NLG1 causes similar changes (Dahlhaus et al., 2010). Error bars represent the SEM. ***p
0.001. C, D, Immunohistochemical detection of dynamitin-flag (red) in hippocampus (C) and
cerebellum (D) of transgenic M21 mice. No obvious clinical symptoms have been identified or
4
studied in the brain of this mouse line, nor is any early lethality known. DAPI staining (blue)
labels nuclei. Note that the mosaic expression pattern of the Thy 1.2-driven transgene displays
a very prominent dynamitin-flag staining in cerebellum, as compared to hippocampus. DG,
Dentate gyrus; CA3, CA3 region; wm, white matter; gcl, granule cell layer; ml, molecular layer.
Scale bars, 200m. Boxed regions are magnified to the right. White arrows depict cerebellar
Purkinje cells.E, Quantification of dynamitin-flag expression in hippocampus and cerebellumof
transgenic mice using the software MetaMorph. The relative signal intensities of hippocampal
dynamitin-flag are significantly lower than in the cerebellum (hippocampus: 0.80 0.64 relative
intensity; cerebellum: 6.26 2.85 relative intensity, Student’s t test: 2.61 10	5, 3 transgenic
animals, 3 sections/first animal, 3 sections/s animal, 4 sections/third animal).F, Immunohistochem-
ical detection of dynamitin-flag (red) and calbindin (green) in the cerebellumof tgmice.Wtmice do
not express dynamitin-flag. In tgmice, dynamitin-flag expression is seen in Purkinje cells, as verified
by colocalization of the calbindin anddynamitin-flag signals (yellow).
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tg genotypes. Postsynaptic sites from wt tissue revealed an aver-
age PSD length of 347 10 nm (n 130). In contrast, the PSD
lengths of synapses derived from tg tissue turned out to be signif-
icantly increased with 398  8 nm (n  159, p  0.001) on
average (Fig. 5A). Spine head area measurements confirmed this
view, displaying significantly larger spine heads in tissue derived
from tg animals (187,543 5995 nm2; n 119, p 0.001) than
in wt tissue (136,346  9526 nm2; n  102) (Fig. 5B). Consis-
tently, control analysis in the hippocampus, a region character-
ized by low expression of the flag-tagged transgene (Fig. 5C,E),
did not exhibit these specific changes (supplemental Fig. S4C,
available at www.jneurosci.org as supplemental material). Upon
the inhibition of dynein motors, which transport multiple car-
goes, it is expected that other proteins can also be redistributed.
However, it is notable that the observed cerebellar morphology
changes upon local NLG1/3 enrichment (Fig. 4A,B) resemble the
spine morphology phenotype of transgenic mice that exclusively
overexpress NLG1 (Dahlhaus et al., 2010) (compare with Fig. 5).
Specific interference with neuroligin dynamics through
peptide competition and deletion mutagenesis
Tomeet concerns that dynein inhibition affects multiple cargoes
in parallel, we next aimed to apply peptide competition and mu-
tagenesis for specific loss-of-function experiments that interfere
with the formation of the individual protein complex analyzed.
First, we applied a biotinylation assay upon heterologous myc-
NLG1 expression to directly measure surface NLG1 levels
(HEK293 cells), either under control conditions or in the presence
of (1) dynamitin, (2) a competitive peptide PSD-95 (256–398) har-
boring the PDZ3 domain that interferes with NLG1-PSD-95
binding, or (3) an NLGC-terminal mutant [unable to bind to
PSD-95 (Irie et al., 1997)], respectively. Notably, all conditions
significantly increased cell surface NLG1
levels, with relative signal intensities being
approximately threefold to fourfold higher
than control levels (Fig. 6A,B) (A: myc-
NLG1: 0.56  0.25; myc-NLG1
dynamitin: 1.52  0.28; myc-NLG1
PSD-95 (256–398): 1.73  0.28; n  4
experiments, p  0.05; B: myc-NLG1:
0.68  0.29; myc-NLG1C-term.: 2.24 
0.23; n  4 experiments, p  0.01). This
indicates that either blocking of retrograde
transport or removingNLG’s connection to
the retrograde motor retains NLG1 at the
plasma membrane. Interestingly, this assay
worked in HEK293 cells, although the cell
linedoesnot endogenously expressPSD-95,
but expresses several other PDZ domain-
containing proteins (supplemental Fig.
S4D, available at www.jneurosci.org as sup-
plemental material). This prompted us to
repeat the previously performed co-IP ex-
periment with DIC-specific antibodies
(compare with Fig. 3E) on vesicle-enriched
brain lysates (P3) from PSD-95 mutant
mice, lacking synaptic full-length PSD-95
(Migaud et al., 1998). Notably, in the ab-
sence of a PSD-95 protein containing its
third PDZ domain (Migaud et al., 1998)
(PSD-95 	/	), important for neuroligin
binding, NLG1/3 was still subject to copre-
cipitationwithDIC (Fig. 6C). This indicates
that PSD-95, albeit a component of the complex, is not essential for
neuroligin–dynein interactions. Alternatively, since PSD-95 is a
member of the MAGUK family (Davies et al., 2001), containing
other homologous family members that also bind NLG1 (Meyer et
al., 2004), compensatory effects are likely to account for this obser-
vation.AnalysisofotherMAGUKfamilymembers (PSD-93,SAP97,
and SAP102) revealed that these proteins are clearly present at PSD-
95-deficient PSDs (not shown) with SAP102 further known to be
upregulated upon the loss of PSD-95 (Cuthbert et al., 2007). More-
over, co-IPwithSAP-97-specific antibodies revealed coprecipitation
of DIC and NLG1/3 (Fig. 6D) and DIC-specific antibodies also co-
precipitatedSAP97 (Fig. 6E), indicating thatotherMAGUKs indeed
associatewith thedynein-NLG1complex.This suggests thatPSD-95
is an optional component of the complex, likely to be exchangeable
through other PDZ-domain-containingMAGUK family members.
Due to dynein’s role in endosomal sorting/transport (Traer et
al., 2007) and with the aim to transfer the competitive peptide
and the neuroligin mutant into a neuronal context, we then ap-
plied an internalization assay uponmyc-NLG1 expression in cul-
tured hippocampal neurons. Internalized NLGs (red) appeared
in a cytoplasmic, vesicular fraction, while remaining surface pro-
teins stained blue (Fig. 7A). Within 2 h, 16.45  1.74% (n  3
experiments) of NLG1 was internalized (Fig. 7B). From this frac-
tion, 64.51  4.08% of the particles colocalized with the early
endosome antigen EEA1 (Fig. 7C–E). In contrast, high sucrose,
known to block endocytosis (Kittler et al., 2000), inhibited cyto-
plasmic NLG1 accumulation (1.00 0.19%, n 3 experiments,
p 0.001) (Fig. 7A,B). First the assay was combined with overex-
pression of either dynamitin-EGFPor the competitiveGFP-PSD-95
fragment [GFP-PSD-95 (256–398)] (Fig. 7A,B). Control whole-
cell patch-clamp recordings revealed that dynamitin-EGFP-
overexpressing neurons display resting (Er) and action (AP)
Figure6. Dynein inhibition (throughdynamitin overexpression), a competingPSD-95peptide, andanNLG1C-terminalmutant
each specifically alter NLG1 surface expression levels in heterologous cells.A,B, Quantitative biotinylation analysis of NLG1 surface
localization (HEK293 cells). Interestingly, these cells do not endogenously express PSD-95, but they do endogenously express
several other PDZ domain-containing proteins (compare with supplemental Fig. S4D, available at www.jneurosci.org as supple-
mental material). Blockade of dynein-mediated transport through dynamitin overexpression, competitive interference with the
NLG1 C-terminal PDZ binding motif through GFP-PSD-95 (256–398) expression, and deletion of the C-terminal 6 aa in NLG1
(NLGC-term.) each significantly increase NLG1 at the cell surface. Pan-cadherin, Loading control. Values reflect relativeWestern
blot signal intensities of surfacemembraneNLG1/3 protein levels, analyzed using the ImageJ software. C, Coimmunoprecipitation
with DIC-specific antibodies on P3 vesicle-enriched brain lysate derived from wild-type (wt /) or PSD-95 mutant
(PSD-95	/	) mice (Migaud et al., 1998). DIC associates with NLG1/3 in the absence of PSD-95, known to bind NLG1 with
its third PDZ domain.D, E, Other MAGUK-family members also associate with components of the dyneinmotor complex and
compensate the loss of PSD-95. D, SAP97-specific antibodies coprecipitate NLG1 and DIC using wild-type P3 vesicle-
enriched brain lysates. E, DIC-specific antibodies coprecipitate SAP97 using wild-type P3 vesicle-enriched brain lysates.
Error bars represent the SEM. *p 0.05; **p 0.01.
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potentials similar to untransfected neu-
rons (GFP expression: Er 	57.1  1.2
mV, AP 76.8  3.0 mV, n  11 neurons;
dynamitin-EGFP expression: Er 	54.2 
2.9 mV, AP 71.1  5.4 mV, n  9 neu-
rons), indicating that the applied experi-
mental conditions were not neurotoxic.
While dynamitin overexpression function-
ally inhibits dynein transport (Burkhardt et
al., 1997), GFP-PSD-95 (256–398) aimed
to specifically compete with NLG/PSD-95
binding. Indeed, both conditions signifi-
cantly reducedNLG1 internalization rates
to 4.53  0.62% and 4.41  0.60%, re-
spectively (n 3 experiments, p 0.001)
(Fig. 7B). Also, deletion of the very
C-terminal PDZ binding motif (HST-
TRV) in myc-NLG1 (NLGC terminus),
required for MAGUK binding (Irie et al.,
1997; Meyer et al., 2004), resulted in
highly significant reductions in NLG1 in-
ternalization (1.60 0.48%, n 6 exper-
iments, p 0.001) (Fig. 7B). As a further
control, the analysis of AMPA receptor
GluR2 subunit internalization in EGFP
and dynamitin-EGFP-expressing neurons
revealed no difference in the amount of
internalized GluR2 between the two condi-
tions (EGFP: 93.63  1.80 arbitrary inten-
sity units; n  20 cells, 4 experiments and
dynamitin-EGFP: 95.391.99 arbitrary in-
tensity units; n  23 cells, 5 experiments),
thereby reflecting the results obtained
above (Fig. 4D). Together these data show
that, in addition to dynein inhibition,
competitive interference with NLG-
PSD-95 binding or deletion of the NLG1
C terminus interferes with NLG1 endocy-
tosis, with endocytic processes in turn
known to require dynein retrograde
transport (Driskell et al., 2007; Traer et al.,
2007).
Discussion
In summary, our data show for the first
time that NLGs undergo protein turnover
in an LTP/LTD- (Fig. 1), microtubule-
(Fig. 2E,F), and motor protein-depen-
dent (Figs. 3–7)manner. Recent data have
revealed that the normal expression of
LTP in the amygdala requires NLG1 (Kim
et al., 2008) and that NLG1 cooperates
with NMDA receptors to regulate input-
specific synaptic plasticity in the amygdala
(Jung et al., 2010). Consistent with long-
term plasticity modulating higher-order
network functions, the loss of NLG1 in
mice resulted in impaired spatial memory
and increased repetitive behavior (Blundell et
al., 2010). PostsynapticNLG1 further par-
ticipates in retrograde signaling (Futai et
al., 2007) underlying the regulation of
presynaptic maturation (Wittenmayer et
Figure7. Dynein inhibition (throughdynamitin overexpression), a competingPSD-95peptide, andanNLG1C-terminalmutant
each specifically interferewithNLG1 internalization inneurons.A,B, Neuronal internalization assayusingmyc-NLG1. Expressionof
EGFP, dynamitin-EGFP, or the competitive peptide GFP-PSD-95 (256–398) (green) is shown. Surface membrane myc-NLG1 is
shown in blue and internalized myc-NLG1 in red. High sucrose prevents myc-NLG1 internalization. Blockade of dynein-mediated
transport through dynamitin-EGFP overexpression, competitive interferencewith theNLG1 C-terminal PDZ bindingmotif through
GFP-PSD-95 (256–398) expression, and deletion of the C-terminal 6 aa in NLG1 (NLGC-term.) each significantly reduce myc-
NLG1 internalization in neurons ( p 0.001). Values reflect numbers of fluorescent signals of internalized myc-NLG1, analyzed
using the MetaMorph software. Scale bar, 8 m. Error bars represent the SEM. ***p 0.001. C, D, Internalized myc-NLG1
colocalizes with EEA1, a marker of the endocytic pathway. We applied a neuronal internalization assay using myc-NLG1 (control
experiment toA,B)with subsequent immunodetectionof the early endosomalmarker protein EEA1. As a transfection control, cells
were cotransfected with EGFP. For a better visualization of merged puncta, EEA1 (as originally detected in the blue channel) is
shown in a false color (green).Myc-NLG1 is shown in red. EGFP is shown inwhite.C, EGFP channel.D, EEA1 andmyc-NLG1 channels
as a magnification of the boxed area in C. Note that 16.45 1.74% of NLG1-myc is internalized in the time period analyzed
(compare with B). Yellow colocalized puncta indicate that internalized myc-NLG1 enters the endocytic pathway (arrows). Green
puncta represent early endosomes that are negative for myc-NLG1. Red puncta represent internalized myc-NLG1-positive struc-
tures other than early endosomes (e.g., late endosomes, recycling endosomes, lysosomes). E, Quantification of D. Of internalized
myc-NLG1 signals, 64.514.08%colocalizewith EEA1 (yellow). Of EEA1-positive puncta, 38.0%10.58%donot colocalizewith
internalizedmyc-NLG1 (green). Of internalizedmyc-NLG1 puncta, 35.49 7.64%donot colocalizewith EEA1 (red). Values reflect
numbers of fluorescent signals of internalized myc-NLG1, analyzed using the MetaMorph software. Error bars represent the SEM.
***p 0.001.
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al., 2009) and synaptic vesicle accumulation (Stan et al., 2010). In
addition to NLGs regulating LTP and behavior, we found here
that LTP in turn regulates the postsynaptic surface membrane
accumulation of NLG1. NLG surface levels increase upon cLTP
and decrease upon cLTD induction. The latter effect is prevented
uponmicrotubule depolymerization. Together with our findings
that cLTD induction increases themobility ofNLG1particles and
that NLG1 associates with the dynein motor complex, our data
suggest a signaling cascade that mediates cross talk between syn-
aptic transmission and intracellular transport. Activation of
CaMKII through NMDA receptor (NMDAR)-mediated Ca2
influx has been shown to phosphorylate the tail domain of the
microtubule motor KIF17, thereby releasing its cargo, the
NMDAR (Guillaud et al., 2008). Activity-dependent posttransla-
tional modifications of motor proteins are therefore candidate
mechanisms to also regulate synaptic transport of cell adhesion
molecules such as the NLG–dynein complex, as reported in the
present study.
NLGs associatewith a PSD-95/dynein transport complex (Fig.
3) and leave the neuronal plasma membrane (Figs. 1, 7) or
postsynaptic sites (Fig. 2A), respectively. Our data do not exclude
that additional proteins participate in this protein complex for-
mation and show that PSD-95 is exchangeable through the
MAGUK-family protein SAP97. However, selective loss-of-
function data through inhibition of the retrograde, but not the
anterograde, transport direction (in vivo and in vitro), as well as
specific peptide competition and mutagenesis, to separate NLG1
from dynein, cause postsynaptic or surface membrane enrich-
ment ofNLG1 (Figs. 4, 6A,B, 7).Notably,NLG1particlemobility
in spines occurred at dendritic protrusions that were not subject
to retraction. Furthermore, synaptic NLG enrichment upon dy-
nein inhibition was seen in adult mice (1 year), indicating that
NLG turnover is not restricted to early stages of neuronal devel-
opment. It will therefore be interesting to investigate the precise
signaling mechanisms that alter intracellular NLG transport in
the regulation of synaptic plasticity in adult neuronal networks.
Although the submembrane compartment right underneath
the lipid bilayer is rich in actin filaments, internalization of trans-
membrane proteins has also been shown to involvemicrotubule-
based transport (Gekle et al., 1997), and microtubules were
identified to enter spines in an activity-dependentmanner (Hu et
al., 2008; Jaworski et al., 2009). A recent study demonstrated that
endosomal maturation uses endosome movement along micro-
tubules, a process that requires dynein-mediated functions
(Driskell et al., 2007). Studies on transferrin receptor (TfnR) in-
ternalization revealed that sorting/transport to late endosome
compartments represents a two-step process, with dynein partic-
ipating in the second step that represents internalization down-
stream of the sorting endosome (Traer et al., 2007). In
accordance with the view that dynein also internalizes synaptic
proteins, possibly along microtubules that enter spines upon ac-
tivity changes (Hu et al., 2008; Jaworski et al., 2009), proteomic
screens of synaptosome preparations identified dynein subunits
at synapses (Husi et al., 2000; Schrimpf et al., 2005). Although the
initial steps of plasma membrane internalization seem to be
independent ofmicrotubule-based processes and likely use actin-
based motors (Driskell et al., 2007; Traer et al., 2007), loss-of-
function experiments that interfere with retrograde microtubule
transport clearly interfere with NLG1 internalization (Fig. 4A),
thereby causing morphological consequences at spines that re-
semble the spine morphology phenotype upon transgenic NLG1
overexpression in mice (Fig. 5) (Dahlhaus et al., 2010). NLG1
internalization therefore likely involves retrograde microtubule
transport, although retrograde transport does not generally rep-
resent internalization, as it further participates in a number of
long-distance cargo rearrangements (Caviston and Holzbaur,
2006) (Fig. 3K,L). It is furthermore notable that the single over-
expression of PSD-95 has led to an increased size of spine
heads (compare with Fig. 5B), accompanied by multiple in-
nervation of spines (Nikonenko et al., 2008). This process is
mediated through nitric oxide (NO) signaling; however,
whether NO signaling contributes to the regulation of trans-
port requires further investigation.
Together, the data presented in this study show that neuroli-
gins are not static transsynaptic components, but are dynamically
exchanged at postsynaptic sites. They further support the concept
that NLG turnover, driven via active cytoskeleton transport
mechanisms, represents a potential process to modulate synaptic
signaling and changes in synaptic strength.
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